Abstract. The article presents the developed methods for diagnosing and analysing signals from injection systems of marine engines. As a source signal, the authors use elastic waves of acoustic emission. The essential fact in the case here considered is that the high frequency of signal from working elements of the injection system comes from a close source directly related to the change of the working parameters of the element (system). Characteristically for elastic waves of acoustic emission, low frequencies (e.g. those from other sources, such as machines in the engine room) are in this case attenuated. Therefore, the proper selection of the method for the analysis allows us accurately diagnose the injection system of a working engine.
INTRODUCTION
The combustion process is the basic phenomenon in the combustion engine and when it runs smoothly, it directly affects the power generated by the engine, level of environmental pollution, reliability of engine components, the cost effectiveness and operational safety (Deja, 2013; Wik 2010) . The process of combustion largely depends on the technical condition of engine components and the process of fuel injection, so the analysis of these two processes is the basic tool for assessing the technical condition and correct adjustment of components of modern marine engines. In actual operation of machines, it often occurs that to identify their technical condition, it is not necessary to know the extent of damage to a specific element; the user only has to determine whether the given machine works in the permitted range, i.e. the limit values are not exceeded. There is no need to identify a specific fault, but only to apply a simple bi-state measure of reliability: element is operational or faulty (good or bad). The basic problem arising in the classical use of vibration measurement is a low value of signalto-noise ratio (SNR). High frequencies of waves generated in the form of acoustic emission significantly improve this measure of signal. This paper follows previous publications of the authors (Bejger, 2016; Chybowski & Gawdzinska, 2016; Mazuruk, 2013) , offering a complete original method for diagnosing diesel engine's fuel injection systems, accordance with the requirements, which has also been submitted as a patent application (Bejger, 2016) . In the literature there are no reported methods of similar capabilities. The authors use elastic waves of acoustic emission for diagnostic purposes. By definition, acoustic emission (AE) is a spontaneous generation of elastic waves related to a local dynamic change in material structure or, under the influence of external causes, changing the state of elastic energy acquired during operation (or process) (Saban Ulus and Selcuk Erkaya (2016) . These waves are related to and depend on many physical processes occurring inside and on the surface of a material at nano-, micro-, or macroscopic level (Bejger, 2012; Holroyd, 2000; Mazuruk, 2013) . During these processes, part of accumulated energy can be radiated as elastic waves. The acoustic emission as propagating elastic waves, owing to high frequency, forms a specific filter. The signal reaches the sensor, therefore its origin is relatively close to the examined process (fault); the other signals are attenuated. Machines installed on ships or other 2018 Volume 1
Issue 1 pp. 227-233 offshore objects are difficult to be diagnosed by traditional methods. A ship or drilling rig make up a system where all machines and devices are mounted on foundation within one whole structure. Therefore, the use of typical vibro-acoustic diagnostic methods is difficult in such an environment. AE elastic waves, due to their wave nature and the relation between attenuation and distance from the signal source, may be successfully used for diagnosing shipboard machines.
INJECTION SYSTEM TESTS
AE sensors detect mechanical movements or stress waves, and convert them into an electrical signal. The AE method is the most sensitive monitoring technique for early fault detection in rotating machine elements, especially in today's industry. In terms of diagnosis, it is essential that recording and measurement of AE signals take place at a strictly defined point. The authors demonstrated in their research that in the case of the injection system of a compression ignition engine the most relevant signal from diagnostic point of view is the one measured on the fuel discharge tube of the injection pump, on the injection pump body and at the connection of the injection tube with the injector (Fig. 1) . The sensor position choice (one of the three mentioned) depends on which component is to be accurately diagnosed: injector or injection pump.
Fig. 1. Experimentally chosen (indicated by arrows) places for the mounting of an AE sensor
Source: (Bejger 2012 ).
Acoustic emission in this case may come from processes associated with the displacement, fatigue fractures, phenomena related to the loss of material integrity, cavitation, tribological processes, flow of a medium (e.g. fuel) etc. AE is detected when elastic waves, generated by the said phenomena, reach the AE sensor surface. The main assumption of the tests related to the detection of changes in the components of the injection system is that every disturbance of the work of system elements corresponds to a change in the AE signal frequency of the signal emitted by the system. The AE signal has characteristic frequencies different from those emitted by a correctly working system -in most cases the band of 'characteristic frequencies' changes. Figure 2 presents an algorithm of the methods developed for diagnosing marine engine injection systems (both two and four-stroke) using the AE signal (Bejger 2012) . Based on multi-year experience in the diagnosis of machines, the authors propose an analysis of the source signal from a process by three independent methods. Depending on the needs, it is possible to detect both a specific fault of a system (element) or only to determine whether the system work is correct or defective.
THE ALGORITHM OF METHODS FOR DIAGNOSING MARINE ENGINE INJECTION SYSTEMS BY USING AE ELASTIC WAVES
Proposed below are descriptors of AE signal characteristics in the frequency domain in the form of: wavelet analysis, amplitude of spectral density and authors' new method using the frequency distribution at a given instant. The wavelet analysis can be used for an analysis of non-stationary signals that occur in the process of fuel injection (operation of injection equipment elements). In the case herein considered the continuous wavelet transform using the Morlet wavelet (Suzuki and all, 1996) was applied, described by the formula (1):
The coefficients representing the analysed signal in the time-frequency domain are described by the relationship (2):
In the Morlet analysis, the number of wavelet oscillations is constant, and frequency change is accompanied by a change in wavelet time range. The variable time range of wavelet analysis results, consequently, in variable time precision of localising particular frequency components of the signal. Therefore, more precise time-related localisation can be made for high frequencies (occurring in the AE elastic wave).
Fig. 2. Algorithm of the developed diagnostic methods for the determination of the technical condition of the injection system of a diesel engine Source: (Bejger 2012)
The processing results are shown in Figure 3 , where the signal energy component generated by a fault (torn off atomizer nose) is visible in the form of wavelet coefficients (function of scale and location) prolonged in time, with decreased frequency and values distributed on the timescale plane. The presented method allows observing the changes of the looked-for symptom. The low scale in the diagram indicates that we are dealing with the coefficients corresponding to high frequencies, that is local characteristics of the signal (e.g. disturbances). The high scale characterizes low frequencies, that is global characteristics of the signal (e.g. periodicity/uniformity of the process). Disturbances are a local characteristic. By removing the coefficients of the so-called "short" wavelets we can filter the signal into the form of the signal coming from the examined process.
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Fig. 3. The wavelet analysis of the AE signal: a) properly working injector, b) damaged injector, with a torn off atomizer nose
Source: (Bejger, 2012) If follows from the authors' research that the graphic interpretation of the spectral density of AE elastic wave signal is a relatively fast comparative method for finding out if a fuel injector is defective or not. The spectral density of the signal in time T determines a mean signal power per frequency in time T(3):
where: B is a frequency of a filter band Hz. It has been demonstrated (Bejger, 2012; Mazuruk, 2013 , Saban Ulus & Selcuk Erkaya 2016 , that the values of this amplitude permit for a bi-state (good -bad) estimation of the injector system technical condition. Based on performed tests it has been also shown that when the limit condition value of injector system fault condition is exceeded, there is at least twofold increase in the amplitude of spectral density of the signal (Fig. 4-5) . Figure 6 ) Source: (Bejger, Drzewieniecki, 2015) In relation to smaller marine engines, this method proves perfect for the identification of such faults as atomizer nose damage (Figure 6 ), or fuel pipe fracture. This measure is used by the authors in practical diagnosis of marine engines in case there is no need to identify which specific element is damaged and it is sufficient to find out the bistate reliability measure, i.e. whether the system is good or bad. However, the basic disadvantage of such a procedure is the need to determine in advance the value of spectral density amplitude from a correctly working injector and injection pump.
Fig. 6. Broken atomizer nose
Developed at the Maritime University of Szczecin, the method for diagnosing injection systems of diesel engines makes it possible to identify a specific element that causes the fault (Bejger 2012) . Based on the multi-year research performed on different types of engines it has been shown that for a correctly working injector, the frequency change in a specific millisecond (the time instant at which during injection the AE signal energy is the highest), Figure 7 , circular mark) is taking place uniformly (as in Figure 8) -first increasing, then decreasing. It reaches its maximum at a frequency from 8 kHz to 14 kHz for low power engines and from 8 kHz to 16 kHz for medium power engines. This can be explained by analysing the change of AE signal energy during the fuel flow from the atomizer. This change, corresponding to obtained signal increase or decrease, is due to altering under-needle pressure (depending on the extent of the needle opening during injection). In the case of turbulent outflow of fuel through the atomizer holes, for instance when the injector is partly coked, there will also be a disturbance affecting the frequency of AE elastic wave signal (Fig. 8) .
Fig. 8. A change in AE signal frequency at an instant when the AE signal energy is the highest
In each case, the coked injector causes a sudden drop of frequency in the form of a downward peak (Figure 9 ). 
CONCLUSION
Early detection of a fault leads to more economical operation and reduced emissions of pollutants contained in exhaust gases from engines. The use of AE elastic waves provides a method that does not require additional sensors to be installed, e.g. on a high pressure injection tube. It is a non-invasive diagnostic method that indicates early condition of damage to injection systems. Furthermore, the authors have shown that the amplitude of spectral density of AE signal can be used as a fast method of a bi-state identification of a fault.
